We model the spin polarized optoelectronic processes in a GaAs-based light emitting diode under injection of spin-filtered electrons. To describe the microscopic dynamics we derive the quantum Langevin equations for photon number and carrier numbers. The polarization degree of the light generated by light emitting diode is calculated and compared with the experiment results.
INTRODUCTION
A new field of "spintronics" takes advantage of the spin of electrons and revolutionizes electronics leading to quantum devices. By understanding the behavior of electron spin in materials we can learn new fundamentals in solid-state physics. We study the quantum dynamics of spin-polarized optoelectronic processes in the system investigated experimentally (1, 21. The spin-polarised electrons are electrically injected into a GaAs-based light emitting diode. The applied magnetic field and the confinement lift the spin degeneracy and the light-hole and heavy-hole degeneracy respectively. The spin-polarised electrons transit between split conduction hand and valence band by selection rules producing two types of circularly polarised light. electrons with spin 1112 in the conduction band recombine with holes of spin +3/2 or f1/2 in the valence band to emit photons in right ( U + ) or left ( U -) circular polarization, respectively. The asymmetric transition probabilities causes a degree of polarisation of the light emitted from the device, which depends on the original degree of spin-polarisation of injected carriers and the amount of depolarisation caused by the scattering in the device. We use quantum Langevin equations [3, 41 to describe the quantum processes in such devices focusing on the active layer, and calculate the polarization degree of the emitted light.
HAMILTONIAN AND QUANTUM LANGEVIN EQUATIONS
The total Hamiltonian includes Hamiltonian of multi-mode photons, electrons and holes, interaction between carriers and photons, the many-body interaction among the carriers, leads, the interaction between the leads and the system, and the interaction between carriers and magnetic field: H = Hc + Hp + Hd + Hmb + HM + Hbnth + Hbath-sys.
(1) Each term of the Hamiltonian is explained as follows. The carriers free Hamiltonian is where C k p and d-kI"j are fermiouic annihilation operators for electron with momentum k and spin p and holes with momentum -k and spin p', respectively; E+ and E .~C~' are the Conduction and valence band energy, respectively. The Hamiltonian for multi-mode photons is given by 0-7803-7571-8/02/$17.00 02002 IEEE with a[,,,,, and wl,, the bosonic annihilation operator and frequency for photons in mode 1 characterized by the allowed spin transition between p and p'. The dipole interaction is described by where glkpp' is the dipole coupling constant (oscillator strength). The effect of the many body interaction Hmb is included in the renormalized parameters of E&,, E&,' and glk,,' using a mean-field approximation [3] . The magnetic field Hamiltonian is given by
where p~ is the Bohr magneton, &(h) is the electron (hole) Land6 g-factor and S, and S, are spin matrices for electrons and holes, respectively. The reservoir Hamiltonian, Hboth include the t e r m for photonic modes, electrons and holes and is conveniently eliminated in a Markovian approximation for the reduced dynamics of the device. The interaction with the carrier reservoir, Hboth--sys is considered in the Langevin approach, which include fluctuations in the carriers and photon populations. 
Substituting it into Eq.(7), after a few steps of algebra calculation we obtain the photon number Langevin I equation:
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We assume that the correlation between distinct modes can be neglected. Under the quasi-equilibrium condition
r ( n % ( t ) n f -k )
we obtain the steady-state photon number in the model 1 as where R:$ is the spontaneous emission rate into the mode 1 due to the transition pp', and it reads and R!&, the absorption rate is
(14)
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The Eq.12 shows the inhence of the absorption, emission rate and the number of thermal photons fio(u1) contributing to the photon numbers.
3.
In this section we study the measurement of the polarization degree light emitted from the LED. 
I
Fig.la presents the temperature dependence of the polarization degree which reflects not only the influence of the thermal photons but also the temperature dependence of carrier concentrations. The temperature dependence of the g-factor is not included yet. Fig.1 .b shows the magnetic field dependence of the intrinsic polarization degree which causes the decline of the total degree of the circular polarization of the light from the LED as the spin splitting of GaAs is opposite in sign to that of the spin aligner [2, 61.
In a non-equilibrium case, effects of carrier pumping and recombination are important. We need a Langevin equation for the electron number operator including pumping, non-radiative recombination and dissipative effects as well. Non-radiative recombination will be introduced phenomenologically, following [4] , where such a treatment shown to be successful in the treatment of low injection limit of carrier in LED. The carrier number Langevin equation can be written as where A:k is the pumping rate due t o a current injection, (1 -ngk) is the pumping blocking, Y~~ is the non-radiative recombination parameter, and Ffk is the p-polarized electron number fluctuation term.
Including these effects of pumping and non-radiative decay in the equation for the photon.number and recalculating again the polarization degree give the degree of polarization as which shows an explicit dependence with the electron pumping rate, for each spin component, and the non-radiative recombination of carriers, in which the electron-light-hole recombination is disregarded.
SUMMARY
We use the quantum Langevin approach to describe the dynamics in spin-polarized optoelectronic process and calculate the polarization degree of the emitted light from a LED due to injection of spin-polarized electron. The formalism for calculation including the spin polarized carrier pumping, non-radiative recombination has been established.
